The syntheses and crystal structures of four unsaturated bicyclo[3.3.1]nonane derivatives containing various functionalities are presented and their intermolecular interactions examined.
Introduction
Synthetic and structural studies of the bicyclo [3.3.1] nonanes (BCN's) (structure A, Figure 1 Second, the stereochemical multiplicity of this semi-rigid framework allows functional groups to be placed in defined spatial positions. An important feature of this ring system is 35 that it consists of two cyclohexane rings which both can adopt either a chair or a boat conformation. 1 The framework may also be chiral by virtue of the molecular topology only. The unique molecular shape of the BCN framework when substituted with suitable hydrogen-bond donors and acceptors 40 or other groups capable of generating supramolecular synthons, has been successfully employed in the selfassembly of a wide range of supramolecular structures and inclusion complexes with various guest molecules. 4 Some hydroxyl derivatives of this ring skeleton, the so 45 called "tubuland diols", give controllable crystal structures with a variety of inclusion guests, illustrating the potential of BCN's in crystal engineering. 5 We recently showed how an analysis of the network topology of BCN diols can provide a general way of both understanding and comparing these 50 structures. 6a Also in the case of less strongly interacting entities, a network analysis approach 7 can be profitable, although more caution is recommended when the structure directing power of, for example, weak hydrogen bonds are discussed. Nevertheless, we have recently prepared 55 organometallic systems where such interactions consistently give rise to 3D-nets and large, solvent filled channels. 8 An additional aspect that renders the BCN interesting from a stereochemical point of view is that some of these aforementioned diols crystallise as conglomerates, i.e. they 60 form homochiral crystals from a racemic mixture in solution.
In this work we report on our continued exploration of the synthetic and structural chemistry of the BCN framework, compounds 1-4, see Figure 2 . We are particularly interested in the effect that unsaturation in the BCN framework may have We furthermore explore what effect the potential, weak, 5 hydrogen bonds introduced by the unsaturation, will have on the solid state structure of the so formed compounds rac -1, rac-2, rac-3, rac-4 , and (+)-4. It is worth noticing that the introduction of a bromine atom in the unsaturated BCN skeleton, rac-3, also introduces another intermolecular force, 10 the halogen-halogen interaction (not to be confused with the halogen bond). In addition to the network analysis of the crystal structures of compounds 1-4, a traditional analysis, by inspection of intermolecular atom-atom geometries, is compared to an independent approach based on Hirshfeld 15 surfaces.
9
For discussion purposes the structures of 1-4 will be compared to the crystal structures of the saturated compounds rac-2,6-dimethylbicyclo [3.3.1] enantiopure compound (+)-7, 6a will also be used as reference substances ( Figure 3 ). Fig. 3 . The bicyclo [3.3.1] nonane diols rac-5, rac-6 and diones rac-7 and (+)-7 used as reference compounds for the discussions in this work.
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Results and discussion
Synthesis
The synthetic procedures are presented in Scheme 1. Both rac-bicyclo [3.3.1]nona-3,7-diene-endo-2,endo-6-diol, rac-1, and rac-3,7-dibromobicyclo[3.3.1]nona-3,7-diene-2,6-dione, 35 rac-3, were synthesised using rac-bicyclo [3.3.1]nona-3,7-diene-2,-6-dione, rac-2, 11 as starting compound. Hence, reducing rac-2 under Luche conditions afforded rac-1 in 95% yield. The previous synthesis of the bromodienone rac-3 was based on a bromination-elimination sequence of the saturated 40 dienone. 12 However, we found that the synthesis of bromodienone based on a bromination-elimination protocol developed for α,β-unsaturated ketones works better. Thus, in this way rac-3 was synthesized from dienone rac-2 in 65% yield. 13 Dicyano-diene rac-4 was synthesised in accordance 45 with the literature procedure.
14 Scheme 1. Reagents and conditions: a) i) PhSOOMe, NaH, THF ii) Na 2 CO 3 , PhMe, 80%; b) Br 2 , CCl 4 , Et 3 N, 65%; c) i) TMSCl, ZnI 2 , NaCN,
50
DCM ii) POCl 3 , pyridine, 76%; d) NaBH 4 , CeCl 3 , MeOH, 95%.
Crystal Structure Analysis
Comparison between the unsaturated and saturated diols rac-Bicyclo[3.3.1]nona-3,7-diene-endo-2,endo-6-diol, rac-1. A displacement ellipsoid plot of the molecular unit and the 55 hydrogen-bond pattern of the crystal structure of the dienediol rac-1 are displayed in Figure 4 . No unusual features are present at the molecular level. In the crystal structure, the hydrogen bonds involving the hydroxyl groups are the only ones present. Both hydroxyl groups in each molecule is involved and each hydroxyl group acts both as a hydrogen-bond acceptor and -donor, forming a 65 cyclic hydrogen-bond network involving eight atoms and four molecules of rac-1. The hydrogen-bonded squares shown in Figure 4 connect these dienediols into a sheet structure, cf. Figure 5 , distinctively different from the 3D hydrogen bond nets of the saturated diol rac-5, containing two exo-hydroxyl 70 groups, (8 3 )-eta, and rac-6, containing two endo-hydroxyl groups (8 2 .12)-utg. 6a The resulting puckered sheets are close packed as displayed in Figure 6 . The topological representation of the 3-connected 2D net in the crystal structure of rac-1 is shown in Figure 7 . For further discussion it will be important to note that in this case a racemic solution of rac-1 crystallises as a racemate, 10 whereas rac-5 and rac-6 both crystallise as conglomerates.
Comparison between the unsaturated and saturated diones rac-Bicyclo[3.3.1]nona-3,7-diene-2,6-dione, rac-2. A displacement-ellipsoid plot of the molecular unit and the hydrogen bonds of the crystal structure of rac-2 is displayed 15 in Figure 8 (left) . No unusual features are present at the molecular level. configuration of molecule rac-2 and 50% of the opposite. This indeed results in racemic crystals. The overall crystal structure of rac-2 is displayed in Fig. 9 . The α-hydrogen atom (connected to C(sp 2 )) and the adjacent carbonyl oxygen atom in one of the enone systems of each 45 molecule of rac-2 is engaged in hydrogen-bonding with the same enone system in an adjacent molecule of rac-2, forming a cyclic hydrogen-bonding system involving eight atoms and two molecules, with the graph set notation R(2,2)8 of the first level. Furthermore, the carbonyl oxygen atom of the other 50 enone system in each rac-2, is together with one of the bridgehead hydrogen atoms, engaged in a propagating helical hydrogen-bonding system with two other next neighbours.
(different from the one involved in the first type of hydrogenbonding network). Overall this results in a herringbone (6,3)-
55
2D net displayed in Figure 9 .
Comparing the structure of unsaturated rac-2 to the saturated analogue rac-7, 10 Comparison between the unsaturated bromo-ketone and the 10 unsaturated ketones rac-Dibromobicyclo[3.3.1]nona-3,7-diene-2,6-dione, rac-3. Substituting each of the two hydrogen atoms in the α−positions in ketone rac-2 for two bromine atoms, gives 15 compound rac-3. In rac-3, the carbonyl oxygen at carbon 2 (O20) and the hydrogen atom at carbon 8 (hydrogen atom attached to C4) form a cyclic R(2,2)10 hydrogen-bonding network with the carbonyl oxygen atom at carbon 6 (O21) and the hydrogen atom atom at carbon 4 (hydrogen atom attached 20 to C15) in an adjacent molecule of rac-3 ( Figure 11 ). This hydrogen-bonded system contains 10 atoms and each molecule of rac-3 forms two such interactions. Concerning the bromines, each bromine atom is engaged in halogenhalogen bonding 15 to another neighbouring molecule ( Figure   25 11). Thus, the weak self-complimentary R(2,2)8 bonding pattern involving the carbonyl oxygen atom and the α hydrogen atom attached to a C(sp 2 ) that was seen between two adjacent molecules in the crystal structure of rac-2, is now disabled being replaced by another weak interaction -the 30 halogen-halogen interaction. This interaction has been described based on the angles θ 1 and θ 2 (θ 1 = C 1 -Br 1… Br 2 , θ 2 = Br 1… Br 2 -C 2 ) as either "type-I" with θ 1 = θ 2 and usually > 110°, or "type-II" with θ 1 = 180° and θ 2 = 90°. In the general case, both types arise because of 35 the polarisation (anisotropy) of the bromine electron density 16 and the basic geometry of this interaction can be readily explained by a simple circular 2D model of the Br atom with a positive segment traversing the centre from side to side and smaller negatively polarised segments on top and at the 40 bottom. 15b (Typically for this interaction, the 3D-electrostatic potential energy iso-surface looks much like a stuffed olive.) At the molecular level, the introduction of the bromine atoms means that the molecules takes on a much more specific 60 "cleft" shape as the distance from the "peak" (C5 in Figure  11 ) to the base is increased from around 2.8 Å (C11 … C10 distance in rac-2) to 4.6 Å (C5···Br distance in rac-3). Based on this one might argue that the crystal structure of rac-3 could better be described as a close packing of these "cleft" 65 molecules in the solid state than being a result of a few particular intermolecular interactions. The space filling plot in Figure 13 indicates that this may be the case. The crystal structure of the racemate, rac-4, 10 displays the 35 same kind of weak hydrogen bonds, giving the same 2D pattern, and consequently cell parameters that are very close. Possibly, this is due to the fact that the hydrogen bond acceptor (CN) is protruding far away (2.6 Å) from the chiral core of the molecule, making the same kind of hydrogen 40 bonds possible in the two cases.
Hirshfeld surface analysis
The analysis of a crystal structure using only a few selected geometric data is at most approximate and at worst misleading. A remedy has been proposed based on the It is important to note that there is no new information generated by the Hirshfeld surfaces and the various variables that can be mapped on it, but they do have the advantage of providing a single picture of all the intermolecular atom-atom 5 interactions in a structure.
The following examination was made more or less independently of the classical analysis in the preceding section and we can therefore briefly comment on the added value of the Hirshfeld approach. Bicyclo[3.3.1]nona-3,7-diene-endo-2,endo-6-diol, rac-1 . In this analysis we use the fingerprint option in CrystalExplorer TM that for each point on the Hirshfeld surface plots the closest distance to an atom outside the surface (d e ) against the closest distance to an atom inside the surface (d i ).
rac-
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We have compared the crystal structure of the racemic dienediol, rac-1, with that of the rac-bicyclo [3.3.1] nonaneendo-2,endo-6-diol, rac-6, earlier prepared and analysed by us, 7 that forms a hydrogen-bonded 3D-net upon crystallisation. In Figure 17 we see that the most prominent 20 features of the crystal structures of diol rac-6 and the dienediol rac-1 are the same, namely the symmetric spikes for the H···O interaction extending towards the lower left of the diagrams, accounting for 18% (rac-6) and 20% (rac-1) of the points on the Hirshfeld surface. However, in the crystal 25 structure of rac-1 there is clearly an additional feature manifested in the "wings" symmetrically extending down to (d e =1.6, d i =1.1). As CrystalExplorer also allows the mapping of individual atom-atom contacts it is easy to identify this as short C-H···C contacts, (Figure 17 , right) and subsequent 30 inspection of the surface and the crystal structure identifies this as the specific interaction between the hydrogen on C4 and the sp 2 hybridised C3, (9.5% of the surface points), reinforcing the network interaction in the b-direction. Figure 18 .
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Fig. 17
Hirshfeld fingerprint plot of rac-bicyclo [3.3.1]nonane-endo-2,endo-6-diol, rac-6 (left), rac-bicyclo[3.3.1]nona-3,7-diene-endo-2,endo-6-diol, rac-1 (middle) , and highlighted CH interactions in rac-1 (right, blue, other interactions faded to gray). Note that these plots display all points on the Hirshfeld surface and the colour coding (red many points, blue few points, at each x,y, pair) is identical in all plots.
Fig. 18
Hirshfeld fingerprint plots of unsaturated rac-bicyclo [3.3.1]nona-3,7-diene-2,6-dione, rac-2 (left) , compared to the plots of the corresponding 50 saturated rac-bicyclo [3.3.1]nonane-2,6-dione, rac-7 (middle) , and the structure of the enantiopure saturated dione (+)-7 (right). See text for further explanation.
Immediately we can notice the more diffuse character of the diene based framework and again, this corresponds to C···H 55 (10.4%), but also to C···O (1.6%) and C···C (2%) interactions made possible by the sp 2 carbons. The spikes at the flanks indicate weak C-H···O hydrogen bonds and are somewhat more pronounced in the enantiopure crystals of (+)-7, Figure 18 , right, as is the (repulsive) H···H contact demonstrated by the diagonal spikes. The larger area of (+)-7 spreading up to higher values of d e indicate a less dense structure compared to rac-7.
5
As observed in the "manual" analysis, we can see both similarities and differences in these plots, but perhaps the more diffuse points in the plots for rac-2 and rac-7 compared to (+)-7 indicate that the close packing motif is important for these compounds. The self-complementary weak hydrogen bonds found in the manual analysis is clearly seen as two bright red spots, and this interaction covers 24.8% of the Hirshfeld surface. The Br…Br 20 interactions also discussed in the preceding section are not found in this plot, and although present in the fingerprint plot in Fig. 20 , they cover only 6% of the surface, so in this respect both Br···O (8.5%), and especially Br···H (34.0%) seem to be more important 25 In this case, however, it is important to understand that the Hirshfeld analysis does not take angular information into account, and as especially the larger halogen atoms Br and I have a pronounced anisotropy, responsible for the weak halogen-halogen interactions found in rac-3 the use of only 30 Hirshfeld plots may actually be misleading in such cases. these plots on the contrary indicate important differences. Thus, while the spots are all in the same places, supporting some qualitative similarity between the structures, the brighter spots in (+)-4 indicate that one particular C-H···N interaction is substantially stronger than the other interactions present in this 45 compound. 
Network formation and chirality
In our earlier work on BCN network compounds we noted that spontaneous resolution (conglomerate formation) was concomitant with chiral nets in the crystals. We summarise 55 these results and the work presented here in Table 1 .
Prior to formulating a tentative statement based on these data, we note two problems that limit the value of our discussion. Firstly, this analysis is restricted to BCN structures, and a more comprehensive search of the literature will be necessary to 60 reach more general conclusions about conglomerate formation. Secondly, we have not explored the possibility of polymorphism of these compounds; perhaps a broader search of crystal growth conditions will lead to other polymorphs suggesting other conclusions. 
We would like to suggest the following hypothesis that 5 obviously needs further experimental data to be verified or falsified: Conglomerate formation is advantageous when the strongest intermolecular interactions present have the geometric requirements to form a chiral net. Note that there seems to be nothing forbidding an achiral network, such as the diamond 10 (dia) net, to adopt a chiral conformation (embedding). This agrees with the data in Table 1 , as the 2D net of rac-1 is achiral and the crystals racemic, whereas for rac-5 and rac-6 the networks are chiral and they crystallize as conglomerates. The enantiopure saturated dione, (+)-7, gives a chiral 3D net.
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However the more dense structure of rac-7 gives crystals having a higher melting point and thus a thermodynamically more stable product, in this case a racemic crystal structure. This observation further suggests that strong hydrogen-bonding motifs, such as hydroxyl groups, are a prerequisite for 20 spontaneous resolution for this particular compound class.
Other were analysed in detail and when possible a network descriptor was assigned. More specifically, upon introducing double unsaturation, the resulting crystal structures display weak hydrogen bonds to the hydrogen atoms attached to C(sp 2 ). This is clearly seen in the difference of the Hirshfeld plots of 40 dienediol rac-1 compared to diol rac-6. Similar effects can be seen in dienedione rac-2 compared to dione rac-7. By introducing bromine atoms into rac-2 to give the dibromodienone, rac-3, another, less known intermolecular force, the halogen-halogen interaction could be observed. The 45 crystal structures have been subjected to independent analysis by inspection of intermolecular atom-atom geometries and by Hirshfeld surfaces, proving the utility of this latter methodology. For example, in the Hirschfeld analysis we could show that the intermolecular forces in (+)-4 are dominated by a 50 few strong C-H···N interactions, whereas the corresponding racemic structure, rac-4, displays a larger number of weaker hydrogen bonds. The unsaturated diol derivative displays 2D sheet structure, where the corresponding saturated compound displays chiral 3D 55 networks and conglomerate formation. This prompted us to call attention to the possible connection between conglomerate formation and chiral nets, but we are reluctant to draw any firm conclusions based on our limited study. However, formation of chiral 3D nets seems to be dependent on the presence of 60 strongly hydrogen-bonding motifs, such as hydroxyl groups, but a wider set of compounds from the BCN-family are needed to confirm this hypothesis which is based solely on the present observations.
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Experimental
General procedures and materials.
Compounds rac-2 and (+)-4 were prepared according to literature. 10, 11 All commercially available reagents were 70 purchased from Sigma Aldrich and used as received. 1 Crystals suitable for X-ray diffraction analysis of rac-1 were grown from a saturated chloroform solution at 4 °C over night. Crystals of rac-3 were obtained by slowly letting a layer of heptane diffuse into a saturated solution of rac-3 in chloroform and crystals of rac-2 were obtained by slow evaporation of a 5 petroleum ether (40-60 ºC) solution. Intensity data were collected at 293 K with an Oxford Diffraction Xcalibur 3 system using ω-scans and Mo-Kα (λ = 0.71073 Å). 19 CCD data were extracted and integrated using Crysalis RED. 20 The structures were solved using direct methods and refined by full-10 matrix least-squares calculations on F 2 using SHELXTL 5.1.1
Non-H atoms were refined with anisotropic displacement parameters. Hydrogen atoms were constrained to parent sites, using a riding model. Crystal data and details about data collection are given in 
